The temperature evolution of spin relaxation time, τsf, in degenerate silicon (Si)-based lateral spin valves is investigated by means of the Hanle effect measurements. τsf at 300 K is estimated to be 1.68 ±0.03 ns and monotonically increased with decreasing temperature down to 100 K. Below 100 K, in contrast, it shows almost a constant value of ca. 5 ns. The temperature dependence of the conductivity of the Si channel shows a similar behavior to that of the τsf, i.e., monotonically increasing with decreasing temperature down to 100 K and a weak temperature dependence below 100 K. The temperature evolution of conductivity reveals that electron scattering due to magnetic impurities is negligible. A comparison between τsf and momentum scattering time reveals that the dominant spin scattering mechanism in the Si is the Elliott-Yafet mechanism, and the ratio of the momentum scattering time to the τsf attributed to nonmagnetic impurities is approximately 3.77×10 -6 , which is more than two orders of magnitude smaller than that of copper.
Over the past decade, spin transport phenomena in silicon (Si) have been investigated rigorously to realize the potential of Si-based spintronic devices, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] which are promising candidates beyond complementary metal oxide semiconductor (CMOS) technologies. [12] [13] [14] [15] To integrate spin functionality into the transistors, highly efficient spin injection into semiconductor channels and long-range spin transport through the semiconductor channel are essential. From this point of view, Si is expected to be a suitable channel as a result of the good spin coherence due to weak spin-orbit interactions and spatial inversion symmetry of the crystal structure. Good compatibility with mature, large-scale integration technologies also boosted concentrated research on Si-based spin transistors. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Owing to the number of research projects, the transport of spin polarized current and/or pure spin current in the Si channel has been developed several ways, e.g., by electrical, 2, 16, 17 optical, 4 and dynamical means. 10, 11 In particular, long-range spin transport has been developed by electrical spin injection, even at room temperature (RT), [17] [18] [19] which paved the way for the spin metal-oxide-semiconductor field-effect transistor (MOSFET) operation at RT. 20, 21 It has also been revealed that spin relaxation time, τsf, in Si is much longer than those in other semiconductors, which consist of relatively heavy elements (τsf in germanium, Ge: 0.6 ns) [22] [23] [24] and exhibit breaking of spatial inversion symmetry in the crystallographic structure (τsf in gallium arsenide, GaAs: 0.01 ns). 25 Temperature dependence of τsf in the Si channel was also weak compared with that in GaAs, which enables stable operation of spin devices in a wide range of temperature. 26 For high performance operation of spin transistors, e.g., low power consumption, large magnetoresistance, etc., enhancement of τsf is an important issue.
To enhance the τsf, investigation of the spin scattering mechanism and reduction of the spin scattering centers are desired 27 . In a copper (Cu) channel, it is revealed that dilute magnetic impurities of several parts per million (ppm) dominate the spin scattering probability, resulting in a serious reduction in τsf at low temperature. 28 Enhancement of spin diffusion length, by reducing the concentration of magnetic impurity in the Cu channel, was also demonstrated at low temperature. In the Si channel, the theoretical approach of the spin relaxation mechanism, due to donor impurity, was elucidated and revealed that intervalley scattering with change in the momentum axis in the k-space (f-process) caused by short-range scattering off the central-cell potential of the impurities is the dominant factor of the spin relaxation. 29 The contribution of the electron-phonon scattering to the spin relaxation was also investigated. In this case, an intervalley f-process, due to scattering with shortwave Σ-axis phonon, was a main contributor of spin scattering. [30] [31] [32] Although theoretical approaches have successfully revealed the underlying physics of the spin scattering phenomena in Si, comparisons between theoretical and experimental τsf have been limited at low temperature and specific measurements, such as electron paramagnetic resonance, primarily because of the difficulties in experimentally demonstrating electrical spin transport in a wide range of temperature and impurity concentrations and a variety of impurity species.
In this paper, we investigate the spin scattering mechanism and spin scattering probability of each momentum scattering caused by impurity and phonon in the Si channel in a wide temperature range from 4. comparison between τsf and momentum scattering time reveals that the dominant spin scattering mechanism in the Si is the Elliott-Yafet mechanism, and the ratio of the momentum scattering time to the τsf attributed to nonmagnetic impurities is approximately 3.77×10 -6 , which is more than two orders of magnitude smaller than that of the Cu channel.
28,33
The device structure of the Si-based lateral spin valves (LSVs) in this study is schematically shown in Fig. 1 temperatures, where magnetic fields were applied along perpendicular to the film plane (±z direction in Fig. 1(b) ), are displayed in Fig. 2(b) . Clear Hanle effect signals were obtained for all temperatures. To estimate τsf in the degenerate Si, we used the following fitting function 35 , which
is an analytical solution of the spin drift diffusion equation:
�� , ... (1) where P is the spin polarization of the injected current, σ is the conductivity of the silicon channel, terminal method, whose current-voltage scheme is shown in Fig. 1(c) . The ρSi at 300 K was estimated to be ca. 17.8 Ωµm and monotonically decreased with decreasing temperature, indicating a degenerate Si channel. Although ρSi shows almost a constant value below 100 K, the minimum value was obtained at the lowest temperature, indicating that the Kondo effect is negligibly small in our Si-based LSVs, which is consistent with the temperature evolution of τsf and ∆VS. In the device fabrication procedure, Fe/MgO contacts were fabricated by using Ar + ion milling, which might induce Fe impurities in Si. However, a simple Monte Carlo simulation using ... (2) where e i , e p , and e m are the momentum scattering time of the electrons due to nonmagnetic impurities, phonons, and magnetic impurities, respectively. α (α = i, p, m) is the spin flip probability of each momentum scattering. The m e m term is expected to be zero in our Si LSVs, as discussed in Fig. 3 . Since the phonon scattering is suppressed at low temperature (4.2 K), momentum scattering due to nonmagnetic impurities is expected to be dominant at 4.2 K. At low temperature, electron-electron scattering should be considered. If the electron-electron scattering mechanism becomes dominant, a linear relationship between conductivity and T 0.5 is expected 38 .
However, such a linear region was not recognized in our Si channel even at low temperature as shown in the inset of , where α and β are the free parameters, indicating that dominant scattering mechanism of electron at low temperature in not the electronelectron scattering but the impurity scattering. It is also noted that the similar temperature dependence of conductivity between two different devices supports our claim that m e m term is negligible because the Hall bar device has no opportunities of magnetic impurities during the device fabrication process. Quantum interference effects (QIE) should also be considered at low temperature 39, 40 . Although the weak localization was actually measured below 30 K as shown in Fig. 4(a) , correction of the Drude model due to the QIE was estimated to be less than 0.4% even at 4 K. Thus the QIE is also negligible in our device. The dimensionless transport parameter kF l, where kF is the Fermi wavevector and l is the mean free path in the Si channel, much larger than 1 also support our claim (see Fig. 4(b) ). Therefore, hereafter we discuss the spin scattering mechanism based on the Drude model. From the Drude model, ρSi is expressed as: .
Hereafter, we roughly estimate spin scattering probability at 300 K. Temperature dependence of τsf is expressed as follows:
... (4) where e i ( ) and e p ( ) are generally temperature dependent parameters in nondegenerate semiconductors. In contrast, in the degenerate Si, the temperature dependence of e i ( ) is negligibly small because of electron screening of ionized impurities. 41 Therefore, we used a constant e i ( )=1.93×10 -5 ns. Similar to the Cu channel, we assumed temperature independent i and p . 33 Using ρSi and τsf at RT obtained experimentally, p was estimated to be 9.02×10 ), where comparable τsf (1~3 ns) with that in the degenerate Si was obtained at 300 K, regardless of more than an order of difference in impurity concentration. A strained Si channel might reduce the spin scattering probability induced by phonon scattering and realizes further enhancement of spin lifetime at room temperature. 42 In summary, the spin relaxation mechanism and spin scattering probability of each momentum scattering in degenerate Si-based LSVs have been investigated in a wide temperature range from 4.2 to 300 K. The dominant spin scattering mechanism was the Elliott-Yafet mechanism, and spin scattering probabilities, due to impurity and phonon scattering, were estimated to be 3.77×10 where the in-plane magnetic field was applied along the long axis of ferromagnetic electrodes (ydirection in Fig. 1(a) ). Current-voltage configuration was the same with that shown in Fig. 1(b) . Comparison between theoretically and experimentally estimated τsf. Theoretical τsf was calculated from resistivity and temperature independent εi and εp. 
